Amphibian metamorphosis is driven by thyroid hormone (TH). We used prometamorphic tadpoles and a cell line of the African clawed frog (Xenopus laevis) to examine immediate effects of dioxin exposure on TH. Gene expression patterns suggest cross-talk between the thyroid hormone receptor (TR) and aryl hydrocarbon receptor (AHR) signaling pathways. In XLK-WG cells, expression of Cytochrome P450 1A6 (cyp1A6), an AHR target, was induced 1000-fold by 100 nM TCDD (2, 3, 7, 8 tetrachlorodibenzo-p-dioxin). Krü ppel-Like Factor 9 (klf9), the first gene induced in a cascade of TH responses tied to metamorphosis, was upregulated over 5-fold by 50 nM triiodothyronine (T3) and 2-fold by dioxin. Co-exposure to T3 and TCDD boosted both responses, further inducing cyp1A6 by 75% and klf9 about 60%. Additional canonical targets of each receptor, including trba and trbb (TR) and udpgt1a (AHR) responded similarly. Induction of TH targets by TCDD in XLK-WG cells predicts that exposure could speed metamorphosis. We tested this hypothesis in two remodeling events: tail resorption and hind limb growth. Resorption of ex vivo cultured tails was accelerated by 10 nM T3, while a modest increase in resorption by 100 nM TCDD lacked statistical significance. Hind limbs doubled in length over four days following 1 nM T3 treatment, but limb length was unaffected by 100 nM TCDD. TCDD co-exposure reduced the T3 effect by nearly 40%, despite TCDD induction of klf9 in whole tadpoles, alone or with T3. These results suggest that tissue-specific TCDD effects limit or reverse the increased metamorphosis rate predicted by klf9 induction.
The thyroid hormone (TH) system is among the endocrine pathways disrupted by DLCs (Crofton, 2008) . Secreted under control of the hypothalamus-pituitary-thyroid axis, thyroxine (T4) circulates in complex with serum binding proteins, including transthyretin (TTR), albumin, and thyroxine-binding globulin (TBG). At target tissues, deiodinases convert T4 to triiodothyronine (T3). T3 has high affinity for thyroid receptor alpha (TRa), which is constitutively bound to thyroid responsive elements (TREs) as a dimer with retinoid X receptor (RXR). T3 binding converts this complex from a transcriptional repressor to an activator, triggering expression of a target gene cascade starting with Krü ppel-like factor 9 (klf9; Bagamasbad et al., 2015; Furlow and Kanamori, 2002) and trbs (Kanamori and Brown, 1992) . These transcription factors subsequently upregulate additional gene targets. TH is cleared by deiodinases and liver sulfatases and UGTs (Crofton, 2008; Visser, 1996) .
Each thyroid pathway step is theoretically subject to contaminant disruption (reviewed in Crofton, 2008; Patrick, 2009) . In rodents, DLCs are associated with reduced serum T4 (Potter et al., 1986) , the result of liver UGT1 activity induced via AHR (Hood and Klaassen, 2000; Nishimura et al., 2005; Roth et al., 1988) . TCDD exposure also triggers elevated TSH, thyroid hyperplasia, and tumorigenesis, likely feedback responses to T4 insufficiency (Huff et al., 1991; Nishimura et al., 2003 Nishimura et al., , 2005 Sewall et al., 1995) . Hydroxylated PCBs can compete with T4 in TTR binding, decreasing TH bioavailability; however, the poorly metabolized dioxins and furans do not affect TH binding to serum proteins (Browuer et al., 1990; Lans et al., 1993 Lans et al., , 1994 .
During frog metamorphosis tadpoles undergo extensive morphological alterations, including tail resorption, limb growth, and remodeling of intestine, central nervous system, respiratory system, skeleton, and skin (Dodd and Dodd, 1976) . Initiated by TH (Brown et al., 1995; Tata, 1998; Wong et al., 1995) , metamorphosis is used as a model to study TH activity during development (Brown and Cai, 2007; Buchholz et al., 2006; Tata, 2006) and the effects of thyroid disruptors (Miyata and Ose, 2012) .
Few studies address the immediate and direct effects of DLCs on metamorphosis, especially at the molecular level. Gutleb et al. (2000 Gutleb et al. ( , 2007 exposed embryos of Xenopus laevis (African clawed frog) to planar PCBs (PCB-77 or PCB-126) according to the FETAX regimen (through NF 46; ASTM, 2012) , measuring modest declines in the percentage of metamorphosed animals 2 months later. Similarly, Collier et al. (2008) observed delays in completion of metamorphosis by X. laevis and Pseudacris tristeriata (western chorus frog) following early TCDD exposure. In these studies, a direct mechanistic link between negative DLC effects on metamorphosis and disruption of the TH system is not straightforward to discern. The onset of TH secretion occurs much later than the period of exposure, around NF 50 (Furlow and Neff 2006) , while TCDD is rapidly eliminated from tadpoles (Jung and Walker, 1997; Philips et al., 2006) . It is thus possible that the negative effect of DLC exposure on metamorphosis was secondary to early life stage toxicity. However, TRs are expressed as early as NF 39 (Kawahara et al., 1991) , potentially enabling dysregulated expression of their target genes prior to the production of endogenous TH.
Induction of ugt1 and subsequent reduction of serum T4 in rodents predicts TCDD exposure during later, thyroid-active frog life stages could slow metamorphosis through direct molecular mechanisms concomitant with exposure. However, Rosenshield et al. (1999) , treating Rana pipiens (leopard frog) with PCB 126 from early embryogenesis through metamorphosis, observed greater 'metamorphic success' at most exposure levels, although 50 mg/ml, the highest concentration, reduced the proportion of completely metamorphosed tadpoles. This pattern did not hold for R. clamitans (green frog); concentrations below 50 mg/ml did not affect metamorphosis (Rosenshield et al., 1999) .
In this study, we sought to resolve these contradictions and uncertainties, testing the hypothesis that TCDD directly and immediately disrupts thyroid signaling and metamorphosis. We measured molecular endpoints in XLK-WG, one of few widely available X. laevis cell lines and the only one that has been well characterized with respect to AHR signaling (Freeburg et al., 2017; Iwamoto et al., 2012; Laub et al., 2010) . In addition, we measured both molecular and morphological traits in prometamorphic tadpole tissues, delaying TCDD and/or T3 exposure until the outset of metamorphosis. We report an intriguing interaction between T3 and TCDD in the induction of TR and AHR target genes and complex effects on resorption of cultured tails and hind-limb growth in animals.
MATERIALS AND METHODS
Chemicals. Dimethyl sulfoxide (DMSO) and Triiodothyronine (T3) were purchased from Sigma Aldrich (St. Louis, Missouri). 2,3,7,8-tetrachlorodibezo-p-dioxin (TCDD) was obtained from Ultra Scientific (North Kingstown, Rhode Island). 6-formylindolo[3,2-b]carbazole (FICZ) was purchased from Enzo Life Sciences (Farmingdale, New York). TR-antagonist 1-850 and the AHR antagonist StemRegenin1 (SR1) were purchased from Millipore (Billerica, Massachussetts).
Cell culture. XLK-WG, an X. laevis cell line derived from kidney epithelium, was obtained from the American Type Culture Collection (ATCC; Manassas, Virginia) and cultured as directed in RPMI-1640 medium plus 20% fetal bovine serum (FBS) at 29 C with humidified air and 5% CO 2 . One of 2 commercially available X. laevis cell lines, XLK-WG has been used in several previous studies of AHR signaling in frogs. These cells express AHR1a (ahr1.L), AHR1b (ahr1.S), cyp1A6 (cyp1a1.S), cyp1A7 (cyp1a1.L), and ARNT, and they are responsive to both TCDD and FICZ (Freeburg et al., 2017; Iwamoto et al., 2012; Laub et al., 2010) . Their ready availability, rapid growth and passage characteristics, and demonstrated utility for studies of the AHR pathway make them a uniquely well-suited cell culture model for studies of frog AHR signaling. Also, recent characterization of AHRdeficient rats revealed disruptions of kidney development (Harrill et al., 2013) , underscoring the importance of this organ in AHR biology and DLC toxicology. XLK-WG cells were grown to 90% confluence and exposed to 100 nM TCDD in the presence or absence of 50 nM T3 in DMSO vehicle (0.25%). 100 nM TCDD exposures lasted 24 h, while 1 nM FICZ exposure was 3 h. Controls were exposed to DMSO vehicle alone. To test the role of serum binding proteins in T3/TCDD co-exposures, TCDD experiments were repeated using RPMI-1640 medium without FBS. To verify that changes in gene expression were dependent on AHR and TR activity, cells were co-exposed to TR antagonist 1-850 (Schapira et al., 2003) or AHR antagonist SR-1 (Boitano et al., 2010) in DMSO as indicated in figure legend. Effects of candidate endogenous AHR agonist 6-formylindolo [3,2b] carbazole (FICZ; 1 nM) were also examined in conjunction with T3. Exposure times were limited to 3 h to maximize the magnitude of the response, which diminishes with longer exposure due to the metabolism of the compound by induced enzymes (Laub et Tissue explant culture and exposures. Tail explant culture was performed as described by Bonett et al. (2010) . Tadpoles were treated with 100 mg/ml oxytetracycline in aquarium water for 24 h before dissections were carried out under sterile conditions. Tadpoles were sacrificed by anesthetic overdose in 2% MS-222 (Tricaine methanesulfonate, Argent Labs, Redmond, Washington; buffered with NaHCO 3 ) and submerged in 70% ethanol to sterilize the epidermis. Tails were severed posterior to the anus, and moved to sterile 6-well tissue culture dishes containing 2 ml of ice cold tissue culture medium. Tails were cultured in high glucose Dulbecco's Modified Eagle's Medium (Gibco) diluted 1:1.5 to be isotonic to amphibian tissues. Tails were maintained at 25 C with 5% CO 2 and gentle rotation (50 rpm). Stock solutions of T3 and TCDD were prepared in DMSO. Final concentrations were 10 nM for T3 (Bonett et al., 2010) and 100 nM for TCDD. All treatments received an equal amount of DMSO vehicle (0.12%). Treatments were renewed every 12 h for the duration of the experiment. Tails were photographed daily for 7 days with an Olympus SZX10 stereomicroscope and Olympus Q-Color 3 camera. ImageJ (Schneider et al., 2012) was used to trace the perimeter of each tail and calculate the area. A Mixed Effects Model (including 2-way ANOVA with repeated measures) was produced in Rstudio to statistically analyze the rate of tail resorption over the 7-day period.
Hind limb growth analysis. NF stage 52-54 tadpoles (NASCO, Fort Atkinson, Wisconsin) were maintained at a density of 100 tadpoles/25 l FETAX solution (ASTM, 2012) . Tadpoles were incubated at 23 C for 4 days under the following exposure conditions: 0.25% DMSO, 1 nM T3, 100 nM TCDD, or cotreatment with 1 nM T3þ 100 nM TCDD. T3 concentrations were 10-fold lower than in tail explant studies in an effort to avoid saturating the response and enable greater opportunity to observe any additive effect of TCDD treatment. Tadpoles were anesthetized in iced FETAX buffer for imaging. Left hind limb images were captured using a microscope and digital camera (Olympus SZX10 and Olympus Q-Color 3), and length measured using ImageJ. After 4 days of treatment, tadpoles were sacrificed in a lethal dose of NaHCO 3 -buffered MS-222, and left hind limbs were once again imaged. Statistical analysis was performed with R Studio using one-way ANOVA with Tukey's multiple comparisons test.
RNA extraction from whole tadpoles. Tadpoles were maintained and exposed as described above. After 24 h of exposure, tadpoles were sacrificed in a lethal dose of NaHCO 3 -buffered MS-222. Whole tadpoles were ground with STAT-60 reagent (Tel-Test, Inc., Friendswood, Texas), 50 mg of tissue per 500 mL of STAT-60. RNA was isolated and treated with DNase using the Direct-zol RNA MiniPrep kit (ZYMO Research, Irvine, California).
Quantitative RT-PCR. cDNA was synthesized from total RNA derived from XLK-WG cells or whole tadpoles using a Taqman reverse transcription kit with random hexamer primers (Applied Biosystems). Reaction conditions for reverse transcriptase were: 25 C for 10 min, 48 C for 30 min, and 95 C for 5 min. Target genes and endogenous control (b-actin) were amplified using Power SYBR Green Maser Mix (Applied Biosystems) on a 7500 Real Time PCR System (Applied Biosystems) using cDNA derived from 20 ng of total RNA. Reaction conditions for PCR were: 50 C for 2 min, 95 C for 10 min, and 50 cycles of: 95 C for 15 s, 60 C for 1 min. Parallel reactions used cDNA derived from reactions that omitted the addition of reverse transcriptase. Additional control reactions entirely omitted the addition of template. Together, these controls ensured PCR products were derived only from mRNA. Sequences of custom PCR primers (synthesized by Eurofins MWG Operon, Huntsville, Alabama) are listed in Table 1 . Relative expression of each transcript was determined by the DDCt method on ABI 7500 Sequence Detection System v 1.4 software (Applied Biosystems). Statistical significance of expression difference was assessed in R Studio using a mixed effects model with one-way ANOVA and Tukey's test for individual contrasts, as indicated in figure legends.
RESULTS

Induction of TR and AHR Target Genes in XLK-WG Cells
XLK-WG cells have been used extensively by our group to characterize the activity of multiple X. laevis AHRs (Freeburg et al., 2017) and associated inducible CYP1s (Iwamoto et al., 2012) in conjunction with different agonists (Freeburg et al., 2017; Laub et al., 2010) . The initial goal of this study was to establish the TH responsiveness of this cell line. klf9, among the first genes transcriptionally induced by TRa, was upregulated by T3. Unexpectedly, klf9 was also induced by TCDD and to an even greater degree by treatment of cells with both compounds ( Figure 1A ). As demonstrated previously (Freeburg et al., 2017; Laub et al., 2010) , cyp1a6 was dramatically induced by TCDD. While T3 exposure had no independent effect on cyp1a6, it augmented the effect of TCDD ( Figure 1B ). Taken together, these results demonstrate that the XLK-WG cell line is TH-responsive 
Commonly recognized gene name with designation under newest nomenclature guidelines (Amaya et al., 2013) in parentheses.
and that T3 and TCDD signaling pathways can interact to affect expression of their respective target genes. We next sought to determine the extent to which other known TR-and AHR-responsive genes are induced by each compound. trba and trbb, targets of the ligand-bound TRa, were both induced by T3 ( Figs. 2A and 2B ). Unlike klf9, we observed no induction by TCDD alone, but co-exposure to T3 and TCDD boosted expression of both transcripts 60%-65% relative to T3 only ( Figs. 2A and 2B ). UGTs (uridine 5 0 -diphosphate glucuronosyl transferases), are phase II detoxification enzymes, orthologs of which are well known as AHR targets in other vertebrates (Nebert et al., 2000) . Like cyp1a6, udpgt-1a was readily induced by TCDD but not by T3. Co-treatment with both compounds boosted transcript abundance about 60%, although this increase was not statistically significant ( Figure 2C ; n ¼ 3). Preliminary experiments revealed that induction of all target genes increased with increasing concentration of TCDD (Supplementary Figure 1) . The enhanced induction of klf9 and cyp1a6 by T3/TCDD cotreatment suggests the intriguing possibility of an interaction between the respective receptor-mediated signaling pathways, TR and AHR. However, it is possible that the co-treatment effect related to competition for serum-binding globulins (albumin, TTR, or TBG) in the cell culture media. If the abundance of such proteins were limiting, then the addition of one compound could displace the other, increasing its availability in culture and ultimately triggering its partitioning into the lipid-rich cellular fraction of the largely aqueous environment. In this scenario, the absence of serum in the culture medium should attenuate the apparent induction of mRNA expression resulting from co-treatment. We tested this hypothesis by conducting the exposures in serum-free media. klf9 expression increased over 9-fold following T3 exposure. Co-treatment with both T3 and TCDD further increased transcript abundance 65%, while the apparent 4-fold induction by TCDD alone lacked statistical significance ( Figure 3A) . The expression of cyp1a6 exhibited a nearly identical response as in the experiments with serumsupplemented media ( Figure 3B ). These results suggest that the effects of T3/TCDD co-exposure on the expression of these 2 target genes were not merely an artifact of cell culture with serumcontaining media.
We also examined the effect of AHR and TR antagonists on induction of target genes by TCDD and T3. AHR antagonist SR-1 (Boitano et al., 2010) reduced TCDD induction of klf9 by 66% and cyp1a6 more than 99% and diminished the augmentation of transcript abundance in co-exposed cells, 25% for klf9 and more than 99% for cyp1a6 ( Figure 4A ). The potency and efficacy of TR antagonist 1-850 appeared much lower than reported for repression of TR-responsive CAT reporter gene activity in HeLa cells (Schapira et al., 2003) . Nonetheless, 1-850 reduced T3 induction of klf9 by 34% and 27% in cells co-treated with TCDD ( Figure 4B ). 1-850 exerted a similar effect on cyp1a6 induction in cells treated with both T3 and TCDD ( Figure 4B ). Although these substantial differences were not statistically significant in all cases, they were consistently observed in all replicate experiments, providing evidence that the interactive effects of the 2 compounds on target gene expression involve ligand activation of both AHR and TR.
The apparent interaction between T3 and TCDD signaling pathways prompted the examination of FICZ, a tryptophan photoproduct and oxidation product (Smirnova et al., 2016) that is a well-characterized candidate endogenous agonist for the AHR (Wincent et al., 2009) . FICZ is much more potent agonist than TCDD for Xenopus AHRs (Freeburg et al., 2017; Laub et al., 2010; Odio et al., 2013) . Exposure times were limited to 3 h to maximize the magnitude of the response, which diminishes with longer exposure due to the metabolism of the compound by induced enzymes (Laub et al., 2010; Wincent et al., 2009) . Under these conditions, FICZ augmented T3-induced klf9 mRNA expression about 50%, although it had a minimal effect alone ( Figure 5A ). The augmentation of T3-induced klf9 expression (as well as that of tra and trb) increased in concentrationresponsive fashion to FICZ (Supplementary Figure 2) . These results implicate endogenous AHR signaling for a role in the regulation of klf9 expression. Conversely, T3 triggered no additional expression of FICZ-induced cyp1a6 ( Figure 5B ).
Gene Expression and Morphological Changes in Vivo and Ex Vivo
The induction of klf9, trba, and trbb mRNAs by AHR agonists suggests that TCDD exposure could potentially speed developmental events related to tadpole metamorphosis. We examined this possibility in excised tissues and in intact prometamorphic tadpoles in the range of NF 51-54, coincident with the beginning of TH secretion and the onset of metamorphosis. Excised tadpole tails were cultured and exposed to 100 nM TCDD, 10 nM T3, or both compounds over 7 days with twice daily renewal of the exposure medium. T3 exposure resulted in a steady decline in tail size (area), mimicking T3-driven tail resorption during metamorphosis (Figure 6 ). At these concentrations, co-exposure with T3 and TCDD had no discernible additional effect on the resorption rate or ultimate size of the cultured tail. Tails exposed to TCDD alone experienced size reduction at a seemingly faster rate than those exposed to DMSO vehicle, especially at days 4 and 5. The mean percent of remaining area, 25% less than controls at the conclusion of the experiment (day 7), did not differ significantly (p ¼ .079), nor was there a statistically significant interaction between time and these 2 treatments (2-way ANOVA with repeated measures). Examination of hind limb growth in intact tadpoles revealed no evidence of stimulation of metamorphosis by TCDD. Rather, T3-stimulated limb growth was diminished, reaching only about one-half the length in co-exposed animals (Figure 7 ). klf9 expression in whole tadpoles tracked the pattern seen in XLK-WG cells, with the highest mean mRNA induction in co-exposed tadpoles. TCDD induced cyp1a6 expression around 30-fold; T3 had no apparent effect on cyp1a6 expression regardless of TCDD exposure (Figure 8 ). Alterations in tail and hind limb morphology did not track directly with predictions from klf9 expression patterns in either XLK-WG cells or in whole, prometamorphic tadpoles. Although varying time and concentration of exposures could alter these responses, it is likely that this discrepancy points to more complex, tissue-specific molecular and cellular responses to both compounds.
DISCUSSION
Combining TCDD exposure at the outset of X. laevis metamorphosis with molecular endpoints in tadpoles and in cultured cells, this study sought to assess the effect of DLCs on this thyroid-driven process at morphological and molecular levels. Frogs are generally regarded as insensitive to dioxin-induced lethality (Beatty et al., 1976; Jung and Walker, 1997) . Tadpoles eliminate TCDD rapidly (Jung and Walker, 1997; Philips et al., 2006) , and frog AHRs exhibit low binding affinity for TCDD (Lavine et al., 2005; Odio et al., 2013) . Lethality and sublethal responses to DLCs have nonetheless been reported for various species exposed to TCDD or planar PCBs, especially at high concentrations or body burdens (e.g., Collier et al., 2008; Dell'Orto et al., 1998; Gutleb et al., 2000 Gutleb et al., , 2007 Rosenshield et al., 1999; Sakamoto et al., 1995 Sakamoto et al., , 1997 . Consequently, we used 100 nM TCDD in these studies, both in cell/tissue culture and in vivo exposures. This concentration is less than the EC50 for cyp1a6 induction in XLK-WG cells (Laub et al., 2010) .
T3 concentrations were chosen to be consistent with various TH-responsive endpoints in a range of previously published studies, typically between 5 and 50 nM for cultured cells (e.g., Bagamasbad et al., 2015; Furlow and Kanamori, 2002; Furlow et al., 2004) and up to 100 nM in tail culture (e.g., Bonett et al., 2010) . In our hands, 10 nM T3 elicited a greater tail resorption response than observed by Bonett et al. (2010) . In subsequent hind leg growth assays, we reduced the T3 concentration to 1 nM in an effort to avoid saturating the response and enable greater opportunity to observe any additive effect of TCDD treatment.
We detected a unique interaction between the AHR and TR signaling pathways-the reciprocal or cooperative upregulation of each receptor's prototypical target gene. In some instances, klf9, trba, trbb, or cyp1a6 induction in cells co-treated with T3 and TCDD appeared to exceed the calculated additive response (Bagamasbad et al., 2015) , suggesting synergism (Figs. 1, 2A, 2B , 3, and 5B). However, there was no evidence for T3:FICZ synergism in klf9 induction in cultured cells or T3:TCDD synergism in the induction of either gene in intact tadpoles (Figs. 5A and 8) .
Previous studies in heterologous systems also suggest the possibility of a functional interaction between TR and AHR signaling pathways. T3 augmented AHR-dependent luciferase reporter gene induction in stably transfected HepG2 cells (Vrzal et al., 2017) , while TCDD augmented TR-dependent reporter gene expression in stably transfected HeLaTR cells (YamadaOkabe et al., 2004) . Furthermore, 'cross-talk' with other nuclear receptor systems has been previously observed for both AHR and TR for endogenous genes. AHR and estrogen receptor alpha (ERa) can exhibit positive or negative transcriptional interactions (reviewed in Matthews and Gustafsson, 2006) . Direct protein:protein contacts between the two receptors (Beischlag and Perdew, 2005; Ohtake et al., 2003) , n ¼ 3) . XLK-WG cells were treated as described for Figure 3 in the presence or absence of the indicated receptor antagonists. Expression of the indicated transcripts was determined by qPCR as described. Statistical significance of differences between treatment groups was assessed by one-way ANOVA with Tukey's test for individual contrasts. Significant differences between treatment groups and DMSO controls are indicated by an asterisk.
or repression (Beischlag and Perdew, 2005 ) of cyp1a1 and/or cyp1b1 transcription, depending on cell type. Similarly, glucocorticoids and TH synergistically induce expression of klf9 in frog and mouse cells (Bagamasbad et al., 2012 (Bagamasbad et al., , 2015 and coordinately affect expression of hundreds of other genes in X. tropicalis tadpoles (Kulkarni and Buchholz, 2012) . Synergistic klf9 transcription is mediated via protein:DNA interactions within the klf9 synergy module (KSM), an extraordinarily wellconserved 140 bp sequence located 5-8 kb upstream of the transcriptional start site (Bagamasbad et al., 2012 (Bagamasbad et al., , 2015 . The KSM contains numerous functional transcription factor binding sites, including a glucocorticoid/mineralocorticoid responsive element plus a TRE (TR þ 4). In addition, the KSM comprises part of a long non-coding RNA or enhancer RNA that is bidirectionally transcribed (Bagamasbad et al., 2015) . The KSM does not contain canonical xenobiotic response elements (XREs) to support AHR binding, although several of these are predicted by MATINSPECTOR (Quandt et al., 1995) elsewhere upstream of the promoter. No evidence yet exists for a role of the KSM in TCDD-induced klf9 expression, but this intriguing sequence element adds a layer of complexity to co-operativity in nuclear receptor-induced transcription that remains to be fully elucidated. Notably, the TRE overlaps with a predicted NFjB binding sequence. Known interactions between AHR and NFjB subunits (reviewed in Tian, 2009; Vogel and Matsumura, 2009 ) suggest a possible mechanism of KSM involvement in AHR-mediated klf9 induction.
Since UGTs metabolize TH, their inducibility by AHR agonists raises the issue of compatibility between TR signaling and AHR signaling involving endogenous ligands. Enhanced induction of klf9 by AHR agonists suggests a potential mechanism of compensation, facilitating high level expression of thyroid responsive genes even in the face of UGT-mediated reduction of serum TH that could result from AHR activity. This hypothesis bears resemblance to cross-talk between AHR and the hypoxiainducible factor. Hypoxia-inducible factor 1 alpha (HIF1a) and AHR potentially compete for a limiting pool of ARNT (a.k.a. HIF1b), the heterodimeric partner for both transcription factors, which would limit the activity of either transcription factor in cells exposed simultaneously to hypoxia and dioxin. In an apparent compensatory mechanism, the erythropoietin gene (epo), a major HIF1 target, is also directly upregulated by AHR through a promoter-proximal XRE (Chan et al., 1999) . were harvested from NF 52-54 tadpoles and cultured for 1 week. Tissue was exposed to 0.12% DMSO, 100 nM TCDD, 10 nM T3, or both TCDD and T3, with renewal every 12 h. Tails were imaged and area was calculated daily using ImageJ. Percent initial tail area was compared using a mixed effects model and one-way ANOVA. n ¼ 9 per treatment group. While it is clear that TCDD exposure alters TH-directed gene expression, the morphological effects on the developing tadpole were more complicated than gene expression data predicted, varying with tissue type. Recent studies of X. tropicalis frogs lacking functional TRa highlight the complexity of temporal and site-specific coordination of tissue remodeling events during metamorphosis and their susceptibility to alteration by disruption of the TR signaling system (Choi et al., 2015 (Choi et al., , 2017 Wen et al., 2017) . TRa knockout tadpoles initiated limb growth earlier than wild-type counterparts and grew faster during metamorphosis, while the degree of intestinal shrinking and folding was reduced, and tail resorption time was unaltered (Choi et al., 2017; Wen et al., 2017) . However, the response to exogenous T3 was diminished, both in the induction of TR target genes and in the rate of gill resorption and hind limb development (Choi et al., 2015) . These studies demonstrate the in vivo importance of TRa's dual function as both transcriptional repressor and ligand-dependent activator and highlight the potential for disruption of the thyroid system by xenobiotics both before and after the onset of TH secretion. While our own results point toward cross-talk between TR and AHR signaling pathways following DLC exposure at the outset of metamorphosis, they do not exclude the possibility of a DLC effect on TR function during earlier developmental stages that subsequently alters the course of metamorphosis.
In these experiments, TCDD exposure likely exceeded environmentally relevant levels, even in highly polluted environments. It is not clear that DLC contamination is a significant driver of changes in amphibian ecology. Nonetheless, these studies in Xenopus cells and tadpoles enabled the initial molecular characterization of novel TCDD effects on thyroid signaling while preventing overly simplistic extrapolation of exposure biomarker expression data in cultured cells to the organismal level. They also highlight the utility of the prometamorphic tadpole as a model for thyroid disruption, one that allows precisely timed exposures for the characterization of specific windows of vulnerability for disruption of this developmental process. Molecular features of the TH system are exceptionally well conserved between frogs and humans, displaying strikingly analogous roles during development (Buchholz, 2015; Sachs and Buchholz, 2017) , and despite the relatively low affinity of amphibian AHRs for TCDD, the number and evolutionary history of Xenopus AHR genes resembles humans more closely than any other non-mammalian vertebrate group (Hahn et al., 2017; Lavine et al., 2005) . Thus, the interaction of AHR and TR signaling pathways revealed here is likely to be relevant to the mechanisms of DLC toxicity in humans. 
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